INTRODUCTION
AUT-TOLERANT capability has been paid increasing attention in recent years on the machine design, which ensures the machine's continuous operation in the event of abnormal connection of windings, such as open circuit (OC) fault, short circuit (SC) fault, etc. [1] - [4] . Lately, the hybridexcited flux-switching (HEFS) machine attracts a great attention for its merits of flexible flux control and wide-speed constant-power operation [5] - [8] . It utilizes both DC field winding and permanent-magnets (PMs) as excitation sources. With these unique features, this kind of machines can be further operated at faulty situations with acceptable performances. However, few literatures investigate both OC fault and SC fault together for this kind of machine (only OC fault [9] - [11] ).
Hence, this paper aims to investigate the fault-tolerant operation of a new HEFS machine, including remedial operations for the OC fault and SC fault. In terms of the OC fault, the remaining healthy phases can be reconfigured to achieve the remedial operation, which is called the phasecurrent reconfiguration [5] , [12] . It can also be remedied by simply utilizing the field excitation boosting to achieve the flux-control [5] , [13] . For the SC fault, phase-current reconfiguration is utilized to remedy the shorted-phase loss. Hence, by using time-stepping finite element method (TS-FEM), these two types of winding faults are analyzed, compared, and verified by applying the proposed approaches. Fig. 1(a) shows the 3D exploded diagram of the proposed 12/10-pole HEFS machine. The outer rotor is merely a single piece iron with neither PMs and coils, which makes the structure more robust. The stator contains 12 slots armature coils, 12 slots field excitation coils (FECs), and 12 PMs. It can be found that four groups of armature windings are distributed in 12 slots periodically, which are supplied with sinusoidal three-phase currents. The alternate 12 slots are twined with FECs that are excited with a constant DC current source. Fig. 1(b) shows the circuit design for the field excitation coil and three-phase armature windings. The field excitation coil is excited by a constant DC current source. The armature- 
where N r is the number of rotor poles, N s the number of stator poles, m the number of phases, N c the number of coils per phase [14] - [16] . In this machine design, the parameters are selected as m = 3, N c = 4. Hence, it has N r = 10, N s =12. Hence, the machine is designed with 24 stator poles and 10 rotor poles. The corresponding key data for the proposed machine is listed in Table I .
III. PRINCIPLE OF FAULT-TOLERANT OPERATION
In this paper, fault-tolerant operations focus on three types of winding faults, namely, one-phase OC fault, half-phase SC fault, and one-phase SC fault. Two approaches are proposed for the fault-tolerant operation, namely, phase-current reconfiguration and flux control. The operational principles of these two approaches are described as follows.
A.
Phase-Current Reconfiguration Phase-current reconfiguration aims to reconstruct the magnitudes and phase angles of the phase currents to keep the magnetomotive force (MMF) constant after fault occurs.
Under normal condition: The sinusoidal three-phase currents are expressed as [17] :
The corresponding phasor diagram is shown in Fig. 2(a) . It can be found that the three-phase current phasor is 120° apart in space from each other with the same magnitude. The rotating MMF generated by the three-phase currents can be expressed as [18] - [19] :
where N is the number of turns of each phase, a = 1∠-120°. By substituting (1) into (2), the rotating MMF can be deduced as:
Under open circuit fault: Assume phase A is opencircuited, the new current of phase A turns to be zero. Hence, the rotating MMF generated by the remaining two phases can be expressed as:
As described for the phase-current reconfiguration, the rotating MMF can be kept constant by reconfiguring the amplitudes of angles of the phase currents. By equating (5) and (6), the remedial three-phase currents are deduced as (7). The corresponding phasor diagram is shown in Fig. 2(b) . By comparing with the phasor diagram in Fig. 2(a) , it can be found that amplitudes of the remedial phase A and phase B are N-m) turns of phase A are under operation. By introducing the definition of the rotating MMF, the new rotating MMF generated by the threephase currents can be expressed as:
The remedial three-phase currents are assumed as (9) . In order to keep the rotating MMF constant, by equating (8), (9) and (5) 
Hence, when m = N/2, phase A is half-phase short-circuited. The remedial three-phase currents are deduced as (11) . The corresponding phasor diagram is shown in Fig. 2(c) . It is found that the magnitude of phase A is twice than the magnitudes of the other two phases. When M N = , the entire phase A is short-circuited. Under this condition, the entire phase A can be disconnected and disabled, which can be regarded as the open-circuit fault. Thus, its phasor diagram showing in Fig. 2(d) is the same as the onephase OC fault. The corresponding remedial operation can refer to the OC fault section.
B. Flux Control
Flux control aims to boost the electromagnetic torque by strengthening the air gap density, which can be achieved by adjusting the field excitation.
The electromagnetic torque FC T under flux control can be given by [20] - [22] :
where θ is the rotor position, i is the armature phase current, T f , T pm , and T r are the DC field torque, PM torque, and reluctance torque respectively, Φ f , Φ pm , and Φ r are their corresponding flux linkages. Hence, it can be found in (11) that the electromagnetic torque is affected by the flux linkages and armature phase current. The corresponding theoretical operating waveform is presented in Fig. 3 [23] - [26] . The armature phase current I a is a bipolar rectangular current with a conduction angle of 120°. The field excitation source I f is supplied by a constant DC current. When the flux linkage Φ is increasing, a positive I a is applied to produce a positive torque. When Φ is decreasing, a negative I a is applied to produce a positive torque [27] - [30] . Hence, for the flux control strengthening, it is possible to boost the field excitation to enhance the air gap flux density. Note that flux control operation is merely tested for the onephase OC fault in this study.
IV.
FAULT-TOLERANT PERFORMANCE By using time-stepping finite-element-method (TS-FEM), the fault-tolerant performances of the proposed machine are presented. In order to achieve fault tolerant operations under the phase-current reconfiguration mode and flux control, the sinusoidal and rectangular currents are fed into the armature windings, respectively. Fig. 4 shows the output torques and three-phase current waveforms with two types of input phase currents under normal operation. As expected, the input current waveforms are sinusoidal and rectangular with 180° and 120° conduction angles in Fig. 4(a) and Fig. 4(b) , respectively. And it can be found that their average torque outputs are nearly the same, around 27 Nm.
For the one-phase OC fault, remedial phase-current reconfiguration and remedial flux control are applied. As shown in Fig. 5(a) and Fig. 5(b) , with the phase-current reconfiguration, the output torque increases from 17.9 Nm to 26.9 Nm after remediation. While the torque ripple presents a distinct improvement from 136.1% to 42.5%. With the remedial flux control in Fig. 5(c) and Fig. 5(d) , the output torque almost maintains the normal operation after remediation, while its torque ripple is still large with a slight improvement. For the half-phase SC fault and one-phase SC fault, remedial phase-current reconfiguration is conducted. Fig. 6(a) and Fig. 6(b) are the performances of half-phase SC. It can be found that output torque is enhanced from 21.6 Nm to 27.3 Nm by double the magnitude of phase A, while its ripple decreases from 105.1% to 87.3%. For the one-phase SC fault in Fig. 6(c) , the faulty phase is disconnected and treated as one-phase OC fault. Hence the remedial result shown in Fig. 6(d) is similar to the one in Fig. 5(b) . The key data of the torque performances are collected in Table I . Table I summarizes the key data of the fault-tolerant operations with OC fault and SC faults. The average torque outputs under one-phase OC fault, half-phase SC fault, and one-phase SC fault are 17.9 Nm, 21.6 Nm, and 12.3 Nm respectively. It can be found that all the fault-tolerant operations successfully boost the average torque outputs to the normal level after faults occur, which are around 27 Nm. The torque ripples are around 70% under phase-current reconfiguration and 110% under flux-control, which indicates the flux-control operation has a higher torque ripple than the phase-current configuration. V.
CONCLUSION
In this paper, a new HEFS machine with outer-rotor structure is proposed and implemented. By using TS-FEM, two fault-tolerant approaches are tested and analyzed for OC fault and SC fault, namely, phase-current reconfiguration and flux control. The simulation results demonstrate that the proposed approaches are able to maintain the normal output torque after faults occur. The flux control shows a lager torque ripple output than the phase-current reconfiguration, but its operation principle is simpler.
